Abstract-This study evaluated which of two different stairstepping techniques produced a higher level of perceived physical exertion and whether magnetic resonance imaging (MRI) can identify gluteus maximus activation during stepper exercise and/ or differences in gluteus maximus activation between exercise techniques. The study was a prospective, single-blind, randomized, two-period, crossover trial. The stair-stepping techniques were 15-minute sessions of (1) short steps with arms unsupported (Short) or (2) full steps with arms supported (Full). The main outcomes measured were time to reach a rating of perceived exertion (RPE) of 13, StairMaster console intensity level, volunteers' judgment as the most strenuous technique, and gluteus maximus MRI signal intensity. We found that participants performing the Short exercise technique reached an RPE of 13 sooner (mean difference 105 +/-54 seconds, p = 0.04) and were unable to reach higher StairMaster intensity levels (mean difference 2.7 +/-0.2, p < 0.001). Eighty-three percent of subjects declared the Short technique more demanding (p = 0.002). For both group sessions, the MRI signal after exercise was higher than at rest (p < 0.001). We found no MRI differences between stepping techniques. Rehabilitation and conditioning programs may benefit from the Short technique because it is perceived as a more challenging physical training activity; MRI can be used to identify metabolic muscle activation during aerobic exercise.
INTRODUCTION
Maintenance of erect posture is a coupled action that involves the back and hip extensor muscles [1] [2] . The gluteus maximus is particularly important because it is a crucial link in the transfer of forces from the legs to the back [3] [4] . Although the concept of hip extensor training in the management of low back pain has long been recognized, back and trunk muscle training programs, known as dynamic spinal stabilization programs, have formed the foundation of low back rehabilitation programs [5] . Hip extensor training has been gaining popularity more recently within the still evolving concept of core stabilization, which combines dynamic stabilization with functional performance [6] .
Moderate or submaximal aerobic exercise has also been an integral part of low back rehabilitation programs. The rationale for the prescription of aerobic conditioning in the management of low back pain is based on its analgesic [7] and antidepressant [8] effects, its effectiveness in the long-term prevention of acute low back pain episodes [9] , and its effectiveness in the management of chronic low back pain [8, 10] . Generally speaking, lowimpact aerobic training is preferred, although the specific type of low-impact aerobic exercise is highly variable.
Therefore, a single exercise modality that provides the benefits of aerobic exercise while simultaneously promoting hip extensor training would be a novel and advantageous rehabilitation tool for low back pain. We believe that stepper exercise could be such a modality for the following reasons: (1) it can be a low-impact aerobic modality, (2) it is not task-specific (its aerobic and performance effects are transferable to running) [11] , and (3) it can generate a longer hip extension moment during stance phase that is associated with increased overall forcegeneration of the lower-limb extensor musculature. This overall increase in force generation may be negated by the commonly used full-step arm-supported (Full) stepping technique because of the work generated by the arms through the arm rails [12] . In addition, stair climbing promotes forward lean of the upper trunk [13] , which likely explains the increased duration of the hip extension moment.
To our knowledge, among the various stepping techniques (arm supported, arm unsupported, full-stride steps, short-stride steps, and their respective combinations), only two investigations have looked at metabolic demand. One group of investigators found that the arm unsupported technique produces the highest systemic metabolic demand [14] , whereas the other group found that the arm supported technique decreases systemic metabolic demand only at high exercise intensities (i.e., no difference in metabolic demand at lower intensities) [15] . This inconsistency in the literature requires clarification, and thus, the degree of difficulty of full-stride versus short-stride stepping with or without arm support has yet to be described.
Electromyography (EMG) has been recognized as one of the most reliable methods of objectively measuring muscle activity and use [1, [16] [17] . However, Farina et al. have noted that the discriminative power of EMG depends on the location and anatomy of the muscles selected, with deeper muscles that contain coarse highthreshold motor units presenting larger limitations to EMG analysis than thin subcutaneous muscles that contain fine low-threshold motor units [18] . Furthermore, Price et al. suggested that although a muscle may be recruited by the nervous system (as identified by EMG), this recruitment may not translate into a robust metabolic workload for that muscle [19] . Alternatively, magnetic resonance imaging (MRI) is a tool that has been used to detect muscle use changes because of its effectiveness in evaluating metabolic muscle activation immediately after exercise [20] [21] [22] [23] . Intramuscular water content changes during and after exercise lead to changes in muscle proton relaxation times that can be detected by MRI immediately after exercise [20, 23] .
This exploratory study evaluated which of two different stair-stepping techniques caused subjects to reach a level of "somewhat hard" (rating of perceived exertion [RPE] of 13 on the Borg scale [24] ) soonest and whether MRI can be used to detect metabolic gluteus maximus activation immediately after stepper (aerobic) exercise and/or discern differences in the degree of metabolic gluteus maximus activation between the two techniques. We hypothesized that (1) a short-step, arm unsupported (Short) exercise technique would elicit a higher RPE at submaximal exercise intensities, (2) postexercise MRI would be able to detect the metabolic activation of the gluteus maximus immediately after aerobic (stepper) exercise, and (3) MRI would demonstrate a higher level of metabolic activation of the gluteus maximus with the Short technique based on the longer duration hip extension moment during arm-unsupported stair climbing [12] . The results of this exploratory study could inform the feasibility of future double-blind, randomized, parallel group studies of exercise techniques with MRI versus EMG muscle assessment.
METHODS

Subjects
After providing informed consent, 24 healthy subjects (17 male, 7 female) participated in this study. Volunteers were recruited by word of mouth and from among the personnel of the Physical Therapy Service, Physical Medicine and Rehabilitation Service, and Department of Radiology at Walter Reed Army Medical Center (WRAMC). Criteria for inclusion were active duty U.S. Army individuals between the ages of 18 and 39 years with no history of low back pain, lumbar surgery, major organ system disease (cardiovascular, respiratory, renal, gastrointestinal, or neurological), sacroiliitis, radiculopathy (clinical suspicion with predominant lowerlimb pain component), spinal stenosis, dynamic pelvic stabilization exercise training, >3/5 Waddel signs (which would suggest psychological overlay), claustrophobia, or the presence of any intrinsic ferromagnetic components in their body (the last two are MRI contraindications). Active duty volunteers were considered to be equally fit because they are required to participate daily in a standardized physical training program based on running, flexibility exercises, and calisthenics. All volunteers had been previously exposed to the stepper to some degree, but the stepper was not their primary mode of cardiovascular training (which was running as per the mandatory physical fitness training mentioned previously). The study was approved by the Scientific Review and Human Use Committees (institutional review board) at WRAMC.
Study Design
The study design was a prospective, single-blind, two-period crossover. Participants were randomly assigned to one of two stepping exercise techniques and then crossed over to the other technique. Each testing session consisted of two 15-minute exercise periods with a 10-minute rest interval in between.
Groups
The two exercise techniques were (1) Short, which was defined as steps no bigger than half the excursion of the StairMaster ® 4000 PIT (StairMaster ® Corporation;
Vancouver, Washington) pedals with the upper body not supported by the arms on the balance bars, and (2) Full, which was defined as full excursion of the StairMaster pedals up to the mechanical stop with the upper body supported by the arms on the balance bars. A coinvestigator continually monitored the subjects' step depth on these two conditions and provided verbal cues to each subject to ensure the validity of each technique. We selected these two specific techniques because we believed that the Full technique (which appears to be the most popular in our experience) would likely engage or activate the gluteus maximus to a lesser degree than the Short technique because the latter requires the subject to maintain a more erect (i.e., less hip flexed) posture with the arms not supporting the upper body. Subjects who were randomly assigned to the Full technique followed by the Short technique sequence were referred to as the Full-Short group, and those assigned to the reverse sequence were referred to as the Short-Full group. The subjects were not told which of the two interventions had specific importance to the investigation, and the radiologist interpreting the MRI scans was blinded to the intervention assignments. All testing for each subject occurred sequentially in the same day.
Experimental Procedure
Initially, a baseline MRI (baseline scan 1) of the gluteus maximus was performed with the subject at rest. Subsequently, after a 5-minute warm-up that consisted of a standardized routine of stretching exercises, each subject began exercise session 1 on the stepper using the stepping technique (Short vs Full) assigned by the randomization schedule. The StairMaster console intensity level at which the subjects exercised was the level that provoked an RPE of 13 [24] . Cardiovascularly speaking, an RPE of 13 defines the exercise session as submaximal in nature. Thus, by instructing subjects not to exercise at intensities beyond an RPE of 13 and by monitoring how long it took to reach this level, we controlled the intensity between the groups. The original Borg scale was posted in front of the stepper at eye level. Subjects were instructed on how to rate their subjective feelings by reviewing what each set of descriptions meant (i.e., very, very light = leisure walk on a flat surface; very light = leisure walk up a mild to moderate incline). In addition, the "talk test" concept was explained so that if a subject is exercising and can carry on a full uninterrupted conversation, the exercise intensity is low; if the subject can carry an interrupted sentence conversation, the intensity is moderate; and if the subject cannot speak, the intensity is high. All subjects were asked to repeat back their understanding of the instructions. Although the cadence of the exercise was not directly controlled in this study, we used the StairMaster console intensity level as a proxy for cadence because the lower the intensity level, the lower the resistance and, thus, the higher the cadence [25] ; therefore, cadence indirectly served as an outcome measure. Each exercise session lasted 15 minutes. Within 2 minutes of the first exercise session, we performed an MRI scan on each subject (postexercise scan 1). A 10-minute rest interval followed postexercise scan 1 and preceded the second exercise period.
Exercise session 2 began with a baseline MRI retest (baseline scan 2), after which the subjects were crossed over to the stepping technique (Short or Full) assigned by the randomization schedule. Rescanning followed immediately after this second exercise session (postexercise scan 2). Baseline scan 2 was performed for the first 11 subjects only because our intent was to identify any possible "carryover" effect on the MRI findings from the first to the second period. An interim analysis of these 11 subjects ("Results" section, p. 128) showed no differences in MRI intensity between baseline scan 1 and baseline scan 2, thus allowing us to streamline our testing sequence (i.e., baseline scan 1, postexercise scan 1, postexercise scan 2) for the remaining subjects.
MRI Testing Procedure
Each subject's placement on the MRI table was clearly marked with bony landmarks (greater trochanter of the femur, acromion process of the shoulder, knee) and color tape, thus ensuring that each subsequent scan was performed with the subject laying supine in the exact position as during the first baseline scan. We used shorttau inversion recovery images with repetition time/echo time of 5,025/40 ms, inversion time of 150 ms, and echo train length of 6 to acquire 32 axial images of the gluteal region in 4 min 45 s in the axial plane using a receiveonly quadrature coil. Field of view was set at 36 cm, with an image matrix size of 256 × 192 pixels. A 7 mm-slice thickness and 1 mm-interslice gap were used as a standard for each examination. Signal intensity data at fixed regions of interest (ROIs) for the gluteus maximus were identified with bony landmarks, and the mean of these ROI values for each muscle (right and left) was used for data analysis. Each ROI was drawn over an area of approximately 20 mm 2 (which is equivalent to 30 pixels).
All subjects underwent MRI with a GE Signa 1.5 Tesla scanner (General Electric Company; Fairfield, Connecticut). Exercise sessions were conducted in a room adjacent to the MRI scanner.
Carryover Assessment
To avoid the common concern of carryover effect in this crossover trial, we selected the 10-minute rest period because for resistance type exercise, 10 to 20 minutes are required for signal changes in muscle to return to baseline preexercise status [21] [22] . Thus, the 7 minutes of scanning time (postexercise scan 1) plus the 10-minute rest period ensured that the signal changes attributable to the first exercise session would not be present by the onset of the second exercise session. Our study design allowed us to test this assumption as stated earlier for the first 11 subjects.
Statistical Analysis
The primary outcome variables were time (in seconds) to reach an RPE of 13 for each of the two stepping techniques, the corresponding StairMaster console intensity level at which the sessions were conducted, and the volunteers' subjective description of which technique was more strenuous. To compare the baseline characteristics between the two randomized groups (Short-Full and Full-Short), we used two-sample t-tests for continuous variables and Fisher exact tests for categorical variables. We also used the statistical methods described by Joseph L. Fleiss for two-period crossover designs to compare differences between the two stepper techniques and examine the carryover effect [26] . We used binomial tests to compare whether one of the techniques was perceived as more difficult. The secondary outcome variable was the MRI T2 signal intensity for the ROI on the left and right gluteus maximus. The MRI intensity data of this muscle for each exercise condition were expressed as a percentage of the initial rest condition (i.e., baseline scan 1). To assess whether MRI can discern differences between the techniques in the degree of gluteal muscle metabolic activation, we expressed the MRI intensity as the percentage of the baseline (i.e., at rest) and analyzed the data from the two-period crossover design following the methods proposed by Fleiss [26] . All tests were twotailed with a significance level set at p ≤ 0.05. We performed all statistical analyses using SPSS for Windows, version 12.0 (SPSS Inc; Chicago, Illinois).
RESULTS
Subjects
Eleven subjects were randomized to the Short-Full group and thirteen subjects to the Full-Short group. Subject demographic data broken down by randomization group are presented in Table 1 . The overall mean and standard deviation age was 31 ± 5 years, height was 68 ± 3 inches (173.5 cm), and weight was 164 ± 29 pounds (74.7 kg). No differences were found between the groups except for weight (p = 0.03), with the Short-Full group being heavier than the Full-Short group. To assess whether this difference had any effect on the outcome variables, we performed analysis of covariance for crossover design; including weight as a covariate showed no effect. Neither weight nor weight × period interaction was statistically significant (p-values ranged from 0.10-0.99) for all outcome variables (e.g., RPE, MRI).
Primary Outcome Variables
All subjects achieved an RPE of 13 by 10 minutes into the exercise session. Evaluation of the primary outcome variables showed that subjects exercising with the Short technique reached an RPE of 13 sooner than those exercising with the Full technique (mean difference 105 ± 54 seconds, p = 0.04), regardless of the order in which the technique was performed (i.e., Short followed by Full or vice versa) ( Table 2) . Likewise, subjects exercising with the Short technique were unable to reach higher StairMaster console intensity levels because of an earlier time to reach an RPE of 13 (mean difference 2.7 ± 0.2; p < 0.001). When subjects were asked which technique was more difficult, 83 percent stated that the Short technique was more demanding or difficult than the full technique (p = 0.002) ( Table 1) .
Secondary Outcome Variable
The MRI T2 signal intensity of the baseline (rest) gluteus maximus compared with the signal intensity after exercise demonstrated a statistically significant difference (p < 0.001), with the postexercise MRI T2 signal being more intense. However, with regard to MRI T2 signal intensity differences between techniques, we noted no statistically significant differences for either the left (p = 0.08) or right (p = 0.92) gluteus maximus, with the difference between p-values being due to a large variability in intensity values ( Table 3) .
Carryover Analysis
For the first 11 subjects, including members of both the Short-Full and Full-Short groups, the MRI T2 signal intensity comparison of the gluteus maximus at rest 1 (baseline scan 1) vs rest 2 (baseline scan 2) showed no statistical difference for the right (p = 0.31) or the left (p = 0.68) gluteus maximus, thus confirming no carryover effect. For all 24 subjects, analyses of the main outcome variables (time to RPE of 13, StairMaster console intensity level, and MRI T2 signal intensity) in regards to carryover effect after exercise demonstrated no differences (Tables 2 and 3) . Table 1 . Subject characteristics (n = 24). Data presented by randomization group (Short = short-step arm-unsupported stepper exercise [n = 11], Full = full-step arm-supported stepper exercise [n = 13]) and all subjects combined. Note: n = 24 for carryover analyses evaluating effect of exercise on outcomes between periods. * p-value for comparing differences between two randomized groups. † p-value for examining carryover effect using sum scores of two exercise periods.
Group
DISCUSSION
In this prospective, single-blind, two-period crossover design exploratory study, we evaluated the capability of the Short technique to physically challenge the body and engage the gluteus maximus in the hope that our findings may prove useful regarding the feasibility of future more in-depth and detailed studies. Our two study groups were found to be identical except for the difference in weight ( Table 1) . This finding raises three questions: Does weight affect RPE? Does weight affect the identification of muscle use by MRI? Does the weight difference between the groups indicate that they are drawn from two different populations thus making them not comparable? Pintar et al. demonstrated that no significant interactions or body weight main effects existed for any metabolic variables, such as oxygen consumption rate, heart rate, percent maximum oxygen consumption, maximum heart rate, and RPE; only fitness level had an effect on RPE [27] . Likewise, Hulens et al. found evidence that although differences in RPE between the morbidly obese and other subjects may exist, no differences between the obese and lean subjects in regards to RPE have been reported [28] . Thus, the weight difference between our two groups should have, at most, minimal effects on RPE, particularly in view of the fact that the subjects in both groups were drawn from the same population (active duty, physically fit-by regulation-military service members from the Medical Center Brigade, WRAMC) and randomly assigned in sequential fashion during the enrollment process.
In regards to the possible effect of weight differences between the groups on muscle water content for postexercise MRI, one can only speculate. Although MRI findings can be affected by differences in muscle recruitment based on untrained versus trained status or muscle content status (slow-twitch vs fast-twitch fibers), no articles were identified in the literature addressing MRI muscle changes and differences in muscle response to exercise in two groups that differ in weight. In a study by Newcomer et al. using magnetic resonance spectroscopy, improvement in the time constant of ADP and the maximal oxidative ATP production rate were identified after weight loss [29] . Although the authors suggested that overweight women have limited mitochondrial function or oxidative metabolism, we do not know whether this metabolic difference could significantly affect muscle water content on a postexercise MRI. Table 3 . Mean ± standard deviation (SD) for maximum magnetic resonance imaging (MRI) intensity of gluteus maximus expressed as percentage of baseline and p-value for comparing two interventions (Short = short-step arm-unsupported stepper exercise [n = 11], Full = full-step armsupported stepper exercise [n = 13]). Note: n = 24 for carryover analyses evaluating effect of exercise on outcomes between periods. * p-value for comparing differences between two randomized groups. † p-value for examining carryover effect. ‡ p-value for comparing maximum MRI intensity between rest and exercise condition for all subjects.
Back extension is a coupled action that involves the back and hip extensors [1] [2] . In this study, we focused our assessment on the gluteus maximus because the activation of this muscle has been studied during stepper exercise with EMG [17] and because this muscle is a crucial link in the transfer of forces from the legs to the back [3] [4] . Our study has demonstrated that the Short technique is perceived as more demanding than the Full technique as evidenced by subjects' inability to reach higher StairMaster console intensity levels because of the earlier onset of an RPE of 13. These objective systemic physical demand parameters (RPE and StairMaster console intensity) were supported by subjects' subjective selection of the Short technique as the more difficult of the two techniques. Our findings appear to support previous studies that showed that arm unsupported stepper exercise produces a higher metabolic demand than arm-supported stepping [14] [15] . This perceived increased difficulty may be because of an inability to conserve angular momentum in the arm unsupported technique. When a person climbs a flight of stairs, the upper limbs (right leg, left arm, and vice versa) swing reciprocally so that the torque of the lower body in the vertical axis is counteracted by the torque of the upper body in the opposite direction. Likewise, during the arm-supported technique, each lower-limb push on the stepper pedal is counteracted by the contralateral upper-limb transfer of angular momentum to the handle bar. This transfer of momentum is absent in the arm unsupported technique, which may explain the increased sense of difficulty. Although this explanation is reasonable, whether the perceived higher physical challenge was due to the lack of arm support, the small steps taken, or the combination of both remains to be determined.
MRI is capable of identifying metabolic muscle activation after resistance exercise [20] [21] [22] [23] 30] . To our knowledge, this exploratory study may be among the first studies showing that MRI can also identify metabolic muscle activation during aerobic exercise, although we were unable to effectively show that MRI is sensitive enough to differentiate between the two different stepping techniques in the degree of water content change (i.e., metabolic activation). Our findings, however, do not allow for any conclusions to be made about a cutoff point at which a given percentage of postexercise MRI intensity change would equal an adequate training response. The search for such a cutoff may be a topic for future investigations.
A possible explanation for our MRI findings is found in the physiology of volumetric changes that occur in exercising muscle. These changes depend on the intensity of the exercise [31] . At submaximal workloads, extracellular water volume increases more than intracellular water volume, and at maximal workloads, the opposite is true. The higher the intracellular water content, the higher the MRI signal intensity after exercise. Although the Short technique was perceived to be the most physically demanding of the two techniques, this demand was not sufficient to increase the intracellular water content at the submaximal intensities (RPE of 13) at which the exercise was performed.
Our results have a practical relevance to the rehabilitative healthcare community. Low back pain patients have been found to have (1) increased gluteus maximus fatigability [1, 32] , (2) delayed firing and decreased endurance of hip extensors [1, [33] [34] [35] , (3) weakening of the extensor muscles versus the abdominal muscles [34] [35] , and (4) strength imbalances between right and left gluteus maximus (a predictor of low back pain) [36] . When these dysfunctions are addressed, a decrease in the incidence, prevalence, and severity of low back pain occurs [5, 37] , with an associated decrease in absenteeism and workday losses [1] . Furthermore, the incorporation of aerobic conditioning into low back pain rehabilitation programs has a positive influence on the prevention [9] and management of chronic low back pain [8, 10] via its analgesic [7] and antidepressant [8] effects. In view of these findings, our results are clinically relevant because they suggest that stepper exercise combines the benefits of general cardiovascular training and exercise-related gluteus maximus metabolic activation into one modality. More importantly, our findings have their greatest practical relevance when the practitioner considers that the gluteus maximus plays a key role in the transfer of forces from the lower limbs to the trunk [3] [4] and that this transfer of forces is part of the activities of daily living (lifting, bending over, etc.) that can exacerbate or predispose patients to low back pain.
One limitation of this study is that as an indirect measure of aerobic effort, RPE could potentially lead to misinterpretations about metabolic demand when two different exercise techniques are compared because some investigators have found that RPE may underrepresent the true aerobic demand [38] . In addition, the RPE differences noted in this study could be due to the localized peripheral muscle fatigue in the arm-unsupported group resulting from either body position or the short steps. Yet even if RPE differences were due to peripheral muscle fatigue, the fact remains that the arm-unsupported technique was perceived as more physically demanding, and in the context of physical training, exercising a muscle to fatigue enhances the training effect for the muscle in question. In the future, studies similar to ours should use a more objective measure of metabolic demand such as maximum oxygen consumption rate or a simple heart rate-pressure product as a way to obtain more objective data.
Finally, other limitations that should be addressed in future larger studies include (1) the use of T2 relaxation times as well as the magnitude of the signal intensity differences between rest and postexercise, (2) the calculation of effect size, (3) the inclusion of a low back pain subgroup, (4) the inclusion of a hip extensor strength control group (i.e., postisokinetic exercise or postisometric maximal voluntary contraction MRI testing), and (5) the use of stratified randomization (age, sex, weight, body mass index).
CONCLUSIONS
Stepper exercise appears to be a dual-purpose training modality that may be useful for low back pain rehabilitation because of its perceived increased training demand and its biomechanically based capacity to induce gluteus maximus metabolic activation. Our study has confirmed that the Short exercise technique is perceived as more challenging than the Full exercise technique and, thus, should be considered by rehabilitation professionals seeking to maximize the exercise difficulty when using the stepper machine as a low-impact aerobic training modality during back rehabilitation. Furthermore, our study has also confirmed that MRI can identify muscle activation during closed kinetic-chain aerobic exercise. Finally, the results of this exploratory work appear to justify further studies into this topic and, more specifically, the design of large, randomized, double-blind, parallel group studies that use maximum oxygen consumption rate as the primary outcome measure and the identification of hip and back extensor muscle activation via MRI as a secondary outcome measure.
